Listeria monocytogenes is a gram-positive intracellular foodborne pathogen that can cause the sometimes fatal disease listeriosis among high-risk populations. It is found in a wide variety of reservoirs and sources in food-processing plants and contaminates ready-to-eat (RTE) foods such as soft cheeses, milk, deli meats, and hot dogs. Although the USDA and FDA have a zero-tolerance policy for L. monocytogenes in RTE food products, numerous listeriosis outbreaks have been reported in recent years (30) . Because listeriosis has a long incubation period (3 to 60 days), it is often difficult to identify sources and routes of transmission by conventional epidemiological investigations (58) . Therefore, molecular subtyping strategies targeting various genetic markers have been utilized to recognize an outbreak, match case isolates with food and environmental isolates, and discriminate between outbreak and nonoutbreak isolates (31) .
Listeriosis outbreaks are usually caused by a small fraction of strains in the entire population of the species. Among 13 serotypes of L. monocytogenes, strains belonging to serotypes 4b, 1/2a, and 1/2b are associated with the vast majority of listeriosis outbreaks and sporadic cases (40) . Most major outbreaks were caused by a small number of epidemic clones of L. monocytogenes, and most outbreak strains belong to serotype 4b (30) . Early multilocus enzyme electrophoresis (MEE)-based subtyping (3) and restriction enzyme analysis (57) showed that strains from many different outbreaks were closely related even though those outbreaks were geographically and temporally distinct. These findings were also supported by data generated using ribotyping (12) , virulence gene polymorphism analysis (59) , and pulsed-field gel electrophoresis (PFGE) (4, 5, 28, 31) . Kathariou (30, 31) subsequently compared those studies and defined four epidemic clones of L. monocytogenes (epidemic clone I [ECI], ECIa, ECII, and ECIII). Among these epidemic clones, ECI appears to be a cosmopolitan clonal group composed of serotype 4b strains involved in several major outbreaks including coleslaw (Nova Scotia, 1981) , soft cheese (Switzerland, 1983 to 1987 , and California, 1985 , and pork tongue (France, 1992) outbreaks (31) . Genetic markers unique to this epidemic clone were also identified (61) . ECIa, another serotype 4b cluster, caused a pate outbreak (United Kingdom, 1988), a vegetable outbreak (Boston, MA, 1983) , and a milk outbreak (Boston, MA, 1983) . ECII is considered to be a newly emerged epidemic clone that was first observed in a U.S. multistate outbreak associated with contaminated hot dogs in 1998 and 1999 (31) . Isolates in this outbreak had unique ribotype and PFGE patterns that were not identified in previous outbreaks (31) . Multi-virulence-locus sequence typing (MVLST) and ECII PCR profiling were recently used to demonstrate that ECII isolates were also involved in the 2002 U.S. multistate listeriosis outbreak associated with turkey deli meat (8) . Genome microarray analysis confirmed that isolates from these two outbreaks were closely related and belonged to a single clonal group (32) . Genetic markers unique to this epidemic clone were also identified (14, 32) . Although no routes of transmission between outbreaks within each epidemic clone were identified, the fact that various molecular subtyping methods consistently identified the epidemic clones strongly suggested that outbreaks within each epidemic clone were closely related. In contrast to ECI, ECIa, and ECII iso-lates, ECIII isolates are serotype 1/2a isolates associated with the hot dog (United States, 1989 ) and the turkey deli meat (United States, 2000) outbreaks (31) . The genetic characteristics of isolates from these two outbreaks have not been extensively studied. However, they were considered to be epidemiologically related because they were found in the same foodprocessing plant and had identical PFGE patterns using different restriction enzymes (31) . Nelson et al. (40) identified single nucleotide polymorphisms (SNPs) unique to each of the epidemic clones by comparing whole-genome sequences of representative isolates from each of the epidemic clones. Given the ubiquitous nature of L. monocytogenes in food processing plants, its ability to grow in foods at refrigeration temperatures, and the difficulty in detecting routes of transmission, it seems reasonable that previously or newly identified epidemic clones and outbreak strains will likely be implicated in future listeriosis outbreaks. Therefore, the identification and tracking of epidemic clones and outbreak strains remain critical for investigating and preventing listeriosis outbreaks.
Both DNA fragment-based and sequence-based molecular subtyping methods have been used to investigate listeriosis outbreaks. Two of the most important criteria for selecting molecular typing methods are discriminatory power (D) and epidemiological concordance (E) (46, 50) . Discriminatory power describes the ability of a subtyping method to generate distinct and discrete units of information from unrelated isolates, whereas epidemiological concordance describes the ability of a typing system to correctly classify all epidemiologically related isolates from a well-described outbreak as the same clone (50) . Therefore, an epidemiologically relevant subtyping method should be able to (i) cluster isolates that are epidemiologically related with a particular epidemic/outbreak and (ii) separate these isolates from those that are not related to the same epidemic/outbreak (8) . Different subtyping methods target different molecular markers (i.e., housekeeping genes, virulence genes, restriction sites, and 16S and 23S RNA genes) and yield different levels of epidemiological relevance. PFGE targets variations within and between restriction sites and provides high discriminatory power; therefore, it is currently the "gold standard" method for the epidemiological investigation of foodborne pathogens of the U.S. Centers for Disease Control and Prevention (CDC) (24) . Multilocus sequence typing (MLST), which targets housekeeping genes, was developed previously by Maiden et al. (37) to overcome the technical difficulties and limitations of fragment-based methods. MLST has proven to be very useful for studying the population structures of bacteria, including various foodborne pathogens (49) . Recent studies have shown that antigen genes and virulence genes may provide additional genetic markers. Feavers et al. (15) supplemented MLST with antigen gene sequences to study an outbreak of meningococcal disease. A recent study of methicillin-resistant Staphylococcus aureus demonstrated that sequence variations in three virulence-associated loci could be used to identify epidemic clones and study the epidemiology of this pathogen (21) . Packard et al. (44) also suggested that the sequencing of several virulence genes of Bordetella pertussis provided data that were useful for epidemiological investigations of this pathogen. An MLST scheme based solely on sequence analysis of six virulence genes, MVLST, was recently developed and used to subtype a limited number of genetically diverse isolates of L. monocytogenes (60) . MVLST provided greater discriminatory power than ApaI-PFGE (60) . MVLST was subsequently used to analyze isolates from two U.S. multistate listeriosis outbreaks associated with contaminated hot dogs in 1998 and 1999 and turkey deli meat in 2002 (8) . In that study, MVLST demonstrated that both outbreaks were caused by one epidemic clone, ECII. However, the capacity of MVLST to differentiate multiple epidemic clones and outbreak strains of L. monocytogenes has not yet been evaluated. Therefore, the objective of the present study was to determine whether MVLST can differentiate multiple epidemic clones and outbreak strains of L. monocytogenes from a large number of listeriosis outbreaks and distinguish them from isolates that were presumably unrelated to those epidemics/outbreaks.
MATERIALS AND METHODS
Bacterial isolates and DNA extraction. Isolate identification numbers, sources, and subtype data are given in Table 1 . A total of 66 isolates were obtained from the Listeria collection at the CDC (Atlanta, GA), the International Life Sciences Institute (ILSI) North America Listeria strain collection (18) at Cornell University (Ithaca, NY), and a meat-processing plant in Oklahoma. Among these isolates, 34 outbreak isolates were involved in 11 listeriosis outbreaks, with two or more matched isolates belonging to each of the outbreaks. Isolates from these outbreaks were well characterized and identified as being involved in each outbreak by the CDC, the WHO, and Health Canada. Among them, isolates from eight outbreaks (Table 1) were designated by the ILSI as the standard set of isolates for evaluation and validation of molecular subtyping methods. Three isolates were associated with another three listeriosis outbreaks, with one isolate belonging to each of the outbreaks. The isolates from each of the outbreaks came from foods, environments, or patients. Isolates from 10 outbreaks were identified as belonging to ECI, ECIa, ECII, or ECIII in previous reports (8, 30, 31) . Another 29 genetically diverse isolates without known epidemiological links to each other or to any of the outbreaks were selected and obtained from the Listeria collection at the Food Safety Laboratory at Cornell University. Most isolates were previously analyzed by serotyping and ribotyping and represented eight serotypes and three lineages of L. monocytogenes. The isolates were originally collected at different times from various sources including animals (sheep, turkey, cow, and goat), food-processing environments (equipment, drain, floor, etc.), finished food products (salmon, beef, turkey, etc.), non-food-processing environments (soil and sidewalk), and patients. Bacterial isolates were stored in tubes of 15% glycerol at Ϫ80°C and grown at 37°C overnight on Trypticase soy yeast extract agar plates (Difco Laboratories, Becton Dickinson, Sparks, MD). Cultures grown overnight were adjusted to an optical density at 650 nm of 0.2, which is equivalent to approximately 10 7 CFU/ml. For all isolates, bacterial genomic DNA was extracted using an UltraClean microbial DNA extraction kit (Mo Bio Laboratories, Solana Beach, CA) and stored at Ϫ20°C before use.
Selection of genes and intragenic targets. Six virulence genes (prfA, inlB, inlC, dal, clpP, and lisR) were selected for MVLST analysis as described previously (60) . Internal regions (ca. 500 bp) in each gene were amplified and sequenced as described below. To confirm that the original six-gene MVLST strategy accurately detected epidemic clones, intragenic regions of two additional virulence genes (inlA and actA) from 14 outbreak strains were also analyzed.
PCR amplification and purification of PCR amplicons. PCR primers for all eight virulence genes ( Table 2) were designed using Primer 3 software (http: //www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) on the basis of the published whole-genome sequence of L. monocytogenes strain F2365 and were synthesized at the Pennsylvania State University Shared Nucleic Acid Facility. All PCR amplifications were performed with a hot start (95°C for 15 min) prior to 30 cycles of amplification at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, with a final extension step at 72°C for 7 min using QIAGEN HotStarTaq PCR kits (QIAGEN Inc., Valencia, CA) in a Mastercycler thermocycler (Eppendorf Scientific, Hamburg, Germany). To ensure accurate sequencing, PCR products were loaded onto a 2% UltraClean agarose gel (Mo Bio Laboratories) and electrophoresed at 120 V for 45 min with 0.5ϫ Tris-borate-EDTA running buffer. DNA bands (ca. 500 bp) were then excised from the gel and purified using QIAquick gel extraction kits (QIAGEN Inc., Valencia, CA).
DNA sequencing. DNA cycle-sequencing reactions were performed at the Pennsylvania State University Shared Nucleic Acid Facility using an MJ Research Tetrad thermal cycler, 3ЈBigDye-labeled dideoxynucleotide triphosphates (Table 2) were used as sequencing primers in separate runs. Ambiguous sites were sequenced at least three additional times to reduce sequencing errors. Sequence analysis. Sequence analysis was performed on a total of 107 isolates including 66 isolates from the present study (Table 1) , 20 presumably unrelated isolates described previously by Zhang et al. (60) , and 21 ECII isolates described previously by Chen et al. (8) . Multiple sequence alignments were performed using molecular evolutionary genetic analysis software (MEGA version 3.0) (34) . Sequence types were assigned as previously described (60) . Briefly, different allelic sequences (with at least a 1-nucleotide difference) were assigned arbitrary numbers. For each isolate, the combination of six alleles defined its allelic profile, and a unique allelic profile was designated a sequence type. MEGA 3.0 was used to construct a neighbor-joining (34) tree of L. monocytogenes isolates using the number of nucleotide differences in the concatenated sequences (total of 2,628 bp) of six loci, with 1,000 bootstrap tests. An unrooted tree was constructed because a suitable outgroup that is closely related to L. monocytogenes and that contains sequences homologous to all six virulence genes is not available.
Calculation of D and E. A total of 63 presumably unrelated isolates were used to calculate discriminatory power (D) using Simpson's index as described previously by Hunter and Gaston (26) . These 63 isolates included 49 isolates without known epidemiological links and 14 isolates representing each of the 14 outbreaks. They represented different sources, serotypes, ribotypes, and lineages of L. monocytogenes. Thirty-four well-characterized and matched isolates from 11 listeriosis outbreaks were used to evaluate the epidemiological concordance of MVLST. Epidemiological concordance was calculated using the formula developed by the European Study Group on Epidemiological Markers (ESGEM) for each of the outbreaks (50) .
Nucleotide sequence accession numbers. Gene sequences were deposited into GenBank under accession numbers EF062596 to EF062801. Table 1 shows the sequence types of all 66 isolates (37 outbreak isolates and 29 nonoutbreak isolates) that were sequenced in the present study. Sequence analysis was performed on MVLST data from a total of 107 isolates. Figure 1 shows the phylogenetic clustering of 86 isolates based on MVLST (66 isolates from the present study and 20 nonoutbreak isolates described previously by Zhang et al.) (60) . Isolates described previously by Chen et al. (8) were found to have the sequence type that was identical to those of the newly a Isolates and information (sources, serotypes, ribotypes, and pulsotypes) were obtained from the Cornell Food Safety Laboratory, the U.S. CDC, and a meatprocessing plant. ID, identification.
RESULTS
b Sequence types were assigned according to methods reported previously by Zhang et al. (60) . c Health agencies that characterized the outbreaks are included in parentheses following the name of the outbreaks. Isolates from the outbreaks followed by an asterisk were designated by the ILSI North America as a standard set of isolates for validating molecular subtyping methods.
d NA, not available. e Ribotyping pattern designations followed by a capital letter indicate subribotype (i.e., DUP-1053A is a subribotype of ribogroup DUP-1053).
sequenced ECII isolates and thus were not included because of limited space. A maximum parsimony tree was also constructed based on the concatenated sequences, and a similar tree topology was observed (data not shown). The 63 isolates selected for evaluating discriminatory power were representative of different serotypes, lineages, and ribotypes of L. monocytogenes and were presumed to be unrelated. MVLST identified 54 sequence types from the 63 isolates. Many epidemiologically unrelated isolates differed by only one nucleotide difference in the virulence gene sequences. Examples included BL0003 and BL9401; BL0035 and BL0050; BL0019, BL0031, and BL0034; and BL0006 and BL0037. Among the 49 isolates that were not related to the outbreaks, three isolates from the same food-processing plant (BL0006, BL0007, and BL0028) had the same MVLST sequence type, ribotype, and pulsotype. BL0035, BL0044, and BL0048 also had the same MVLST sequence type. Using Simpson's index (26) , the D of MVLST was calculated to be 0.99.
Analysis of all outbreak isolates revealed that they had identical MVLST sequence types within each outbreak (Table 1) . Using the formula for epidemiological concordance (E) developed by the ESGEM (50), the E for MVLST was calculated to be 1.0 for each of the outbreaks. Surprisingly, MVLST sequence types were also identical between different outbreaks within each of the three well-identified epidemic clones (ECI, ECII, and ECIII) and thus accurately clustered isolates in each epidemic clone (Table 1 and Fig. 1 ). The isolates from the coleslaw outbreak (Canada, 1981) and the two soft cheese outbreaks (California, 1985, and Switzerland, 1983 (12) . However, both MEE and ribotyping have relatively low discriminatory power. For example, ribotype DUP-1042B was found in the North Carolina outbreak (BL9201 and BL9202), animal (BL 0005 and BL0025), and sporadic-case (BL0030) isolates in the present study. This ribotype was also found in various animal and environmental isolates and even in some serotype 1/2b isolates (41) , and therefore, this ribotype was not unique to the three outbreaks. MVLST results showed that isolates from the Boston milk outbreak have sequence types that are different from those of the isolates from the Boston vegetable outbreak and the United Kingdom pate outbreak, and therefore, it was not considered to belong to this epidemic clone. The phylogenetic tree (Fig. 1 ) also revealed that ECII seemed to be more closely related to ECI than this epidemic clone. Therefore, based on our MVLST results, we renamed EC1a as ECIV and excluded the Boston milk outbreak from this epidemic clone. Isolates from the remaining five outbreaks analyzed in the present study could not be assigned to any of the four epidemic clones; therefore, they were considered single-outbreak strains or outbreak clones (Table 1 and Fig. 1) .
A minimum of 28 nucleotide substitutions were identified, which provided the same discriminatory power as MVLST (D ϭ 0.99) ( Table 3) . A minimum of 16 nucleotide substitutions were subsequently identified, which differentiated all epidemic clones and outbreak strains and separated them from all other unrelated isolates. These 16 nucleotide substitutions provided a discriminatory power of 0.97 and an epidemiological concordance of 1.0.
To confirm that the six-gene MVLST correctly differentiated epidemic clones and outbreak strains, two additional virulence genes (inlA and actA) were selected and sequenced for isolates from all 14 outbreaks. Similar to the original six MVLST genes, all isolates within the same epidemic/outbreak had identical sequences in inlA and actA, and isolates from different epidemics/outbreaks had different inlA and actA sequences. The neighbor-joining tree based on MVLST revealed three main clusters supported by bootstrap values of 96, 99, and 99, respectively (Fig. 1) . Cluster I contained isolates from serotypes 4b, 3b, and 1/2b; cluster II contained isolates from serotypes 1/2a and 1/2c; and cluster III contained isolates from serotypes 4a, 4b, and 4c (Fig. 1) . These three clusters corresponded to the three previously identified genetic lineages (I, II, and III) of L. monocytogenes (Fig. 1) . MVLST results also showed congruence with serotypes of L. monocytogenes. Specifically, MVLST grouped all 56 serotype 4b isolates (except for isolates BL0004 and BL0042) into a single large cluster, as supported by a bootstrap value of 96 (Fig. 1) . MVLST grouped all 1/2b isolates and a serotype 3b isolate into a single cluster, although the bootstrap value was only 39. MVLST clustered all serotype 4a isolates, although one serotype 4b isolate (BL0042) was also grouped into the same cluster (Fig. 1) . MVLST did not separate serotype 1/2a and 1/2c isolates into two distinct clusters, but all serotype 1/2c isolates were in the same cluster and separated from most serotype 1/2a isolates (Fig. 1) .
Sequence variations in the original six MVLST loci of all 107 L. monocytogenes isolates were determined ( Table 4 ). The percentages of polymorphic nucleotide sites ranged from 8.10% for prfA to 19.05% for dal, and the nucleotide diversity ranged from 0.017 for prfA to 0.067 for dal. However, the six MVLST genes showed low levels of diversity among lineage I isolates. Specifically, virulence gene sequences were highly conserved among the serotype 4b isolates, with no nucleotide polymorphism observed within each epidemic clone. The percentages of polymorphic nucleotide sites ranged from 0 for clpP to 1.84% for inlB among serotype 4b outbreak isolates ( Table 4 ). The nucleotide diversity ranged from 0 for clpP to 0.0036 for inlB. Although clpP showed no polymorphism among outbreak isolates of serotype 4b, it showed moderate polymorphism among isolates of different serotypes or lineages.
DISCUSSION
A set of criteria (discriminatory power, epidemiological concordance, typeability, reproducibility, and stability) has been established to evaluate different molecular subtyping methods (1, 50, 52) . D is the probability that two unrelated strains sampled from the test population will be placed into different typing groups (26) . When discriminatory power is evaluated, isolates are selected to represent subtypes that are geographically, temporally, and genetically distinct from those of the entire population, which are presumably unrelated (50) . A good subtyping method must provide high discriminatory power to distinguish epidemiologically unrelated isolates (19, 20) . High discriminatory power is also important for studying population structures of bacterial pathogens (37) . In the past two decades, researchers have targeted various genetic regions to increase the discriminatory power of subtyping methods (33, 38) . However, high discriminatory power does not guarantee that the subtyping method can provide epidemiologically relevant information. For example, if a molecular subtyping method is too discriminatory, it may generate discrete subtypes among epidemiologically related isolates and thus fail to identify an ongoing outbreak. Barrett et al. (2) found that different PFGE patterns were present in a single chain of Escherichia coli transmission and suggested that the source of this outbreak would likely have been unidentified if epidemiologists had relied solely on PFGE data. Molecular subtyping methods with discriminatory power that is too high may not be useful for assessing long-term epidemiology (10), especially when the global distribution of clonal groups of infectious agents is explored, because these methods cannot establish genetic relationships and gain general insights about isolates from diverse areas (37) . Epidemiological concordance, sometimes referred to as epidemiological relevance (4, 8, 27) , is another important criterion for evaluating molecular subtyping methods for epidemiological investigation. The ESGEM (50) defined epidemiological concordance as the probability that epidemiologically related isolates from presumably single-clone outbreaks are determined to be similar enough to be classified into the same clone. Therefore, the concept of epidemiological concordance was distinguished from that of discriminatory power. Epidemiological concordance drew less attention than discriminatory power in early studies of molecular subtyping (7, 16, 60) but has been emphasized recently (8, 9, 27) . Hyytia-Trees et al. (27) used epidemiological relevance as an important criterion when evaluating multiple-locus variablenumber tandem repeat analysis as a second-generation subtyping method for PulseNet. Those authors claimed that multiple-locus variable-number tandem repeat analysis possessed promising epidemiological relevance by correctly clustering isolates belonging to eight well-characterized Escherichia coli O157:H7 outbreaks. Chiou et al. (9) demonstrated that by successfully identifying Shigella isolates from four outbreaks, inter-IS1 spacer polymorphisms were good molecular markers for detecting and tracing the spread of Shigella sonnei strains over periods of months or years (9) . Therefore, as suggested by the ESGEM (50), both high discriminatory power and high epidemiological concordance are essential criteria for molecular subtyping methods.
In the present study, MVLST sequence types were identical within each epidemic clone and outbreak strain and therefore provided data with high epidemiological concordance (E ϭ 1.0). It is noteworthy that the sequences of all eight virulence genes (six MVLST genes plus actA and inlA) were identical within previously identified epidemic clones I, II, and III (Table 1 and Fig. 1) . A review of the concepts of epidemic, outbreak, and clone suggests that MVLST results are epidemiologically meaningful. An outbreak is defined as a cluster of cases of a disease caused by a source strain in excess of what is expected during a specified period of time (46) . An epidemic can be confined in time and place and represent an outbreak, be more widespread in time and place and represent an epidemic, or be a pandemic if it spreads globally (46) . A clone has been defined as a group of isolates descended from a recent common ancestor which possesses similar genetic characteristics (43) . Therefore, isolates that are part of the same chain of transmission within an epidemic/outbreak can be referred to as a clone (8) , and according to data described previously by Wassenaar (56) , these isolates often have identical or similar subtypes. Riley (46) previously proposed a working definition of a clone as a group of isolates whose discrete typing data are indistinguishable or similar by a specific subtyping method in an epidemiological setting. Based on the MVLST results in the present study, it is reasonable to define an epidemic clone of L. monocytogenes as epidemic isolates descended from a common ancestor whose virulence gene sequences remain identical over time and place. Further research is needed to determine whether or not other virulence gene sequences in L. monocytogenes are identical within epidemic clones and outbreak strains. It was actually surprising that no sequence variation was observed in the virulence loci between outbreaks spanning up to 11 years (1989 U.S. outbreak and 2000 U.S. outbreak caused by ECIII). This was especially surprising for inlA, inlB, and inlC, as they code for surface proteins, which were thought to be hypervariable (6, 40) . One possible explanation for this high virulence gene sequence conservation within epidemic clones is that virulence genes carry critical functions for causing epidemics and thus may be under strong selective pressure to remain unchanged. This is supported by the low nonsynonymous to synonymous substitution (d N /d S ) ratios (less than 1) of all virulence genes analyzed in this study. Merino et al. (39) identified a MutSL mismatch repair system in L. monocytogenes and demonstrated that this system kept the gene sequences and virulence highly conserved in pathogenic strains during in vivo passage in mice. Another possible reason for this lack of virulence gene sequence variation within epidemic clones is that the epidemic clones might have evolved relatively recently. Various factors may act together to cause this conservation in virulence gene sequences.
Among the four epidemic clones of L. monocytogenes, ECI and ECIV caused pandemics involving outbreaks in Europe and North America. One possible reason why epidemic clones frequently cause outbreaks is that epidemic clones may have enhanced virulence compared to isolates that are not associated with epidemics (54) . If true, enhanced virulence could be caused by specific sequences in virulence genes unique to epidemic isolates (25) . Although this hypothesis was tested by different researchers, no conclusive results were obtained (25, 29) . Another hypothesis that may explain why certain lineages and strains cause more frequent food-borne illness is that epidemic clones may have an enhanced ability to colonize and persist in food-processing environments during interoutbreak intervals. This hypothesis is supported by the fact that ECIII isolates have been found to persist in the same food-processing plant over a period of around 11 years (30) . Epidemic clones of L. monocytogenes may be transmitted to other food-processing plants by food handlers, transportation vehicles, pallets, foods, and/or food-processing equipment (54) . For instance, ECII isolates may have been transmitted among meat-processing plants both between and within states in the United States (8, 22) . If true, the exact mechanism(s) by which epidemic clones are transmitted between food-processing plants remains unknown but intriguing. Another possible explanation is that isolates in these epidemic clones might have a lower infectious dose than other L. monocytogenes isolates, and therefore, they are more likely to cause listeriosis when consumed.
Incorporation of nucleotide substitutions specific for epidemic clones and other outbreak isolates into an SNP genotyping strategy may allow the rapid identification of epidemic clones of L. monocytogenes. The set of 16 SNPs that were capable of differentiating all epidemic clones and outbreak strains in the present study might yield such a strategy (Table  3) . Interestingly, although dal provided the largest polymorphism among all isolates, exclusion of the nucleotide substitution in dal (position 149) (Table 3 ) from the SNP analysis failed to differentiate only two unrelated nonoutbreak isolates (data not shown). Therefore, dal might be excluded from future MVLST-based subtyping schemes to simplify the molecular epidemiological investigation of listeriosis outbreaks.
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In addition to accurately identifying all epidemic clones and outbreak strains of L. monocytogenes, MVLST clusters I, II, and III (Fig. 1 ) also showed congruence with the three known genetic lineages (41, 55, 59) . Most serotype 4b isolates were grouped into one cluster, except for isolates BL0004 and BL0042. These two unusual serotype 4b isolates were identified as lineage III isolates, which is also in agreement with previous studies (41, 59) . All serotype 1/2b isolates were also clustered into one group but with a low bootstrapping value of 39. The observed congruence between MVLST and serotypes 4b and 1/2b is consistent with the clonal population structure of L. monocytogenes lineage I isolates (41) . The congruence between lineage II and lineage III serotypes and MVLST sequence types was not as great as that between MVLST results and lineage I serotypes. This is also consistent with a previous finding that lineages II and III are highly diverse, with evidence of horizontal gene transfer (41) , which tends to obscure the genetic relationship suggested by sequence analysis (11) . The congruence between MVLST clusters and lineages of L. monocytogenes argues that virulence gene sequences contain phylogenetic signals. The phylogenetic tree generated by MVLST provided information on the clustering of L. monocytogenes from different serotypes and lineages, as supported by high bootstrap values (Fig. 1) . However, it did not provide adequate information for studying population biology, evolution history, and the genetic relationship between different lineages of L. monocytogenes because no suitable outgroup was available to root this tree.
MLST strategies utilizing housekeeping genes have been used to successfully differentiate and subtype isolates of L. monocytogenes (45, 48) . MLST is also very useful for studying population genetics of bacterial species (13) . MLST using housekeeping genes provided population structures that were typically more reliable than those using other genes (11) because housekeeping genes generally evolve slowly and thus are highly conserved (38) . However, their utility for investigating listeriosis outbreaks remains unproven. Salcedo et al. (48) and Meinersmann et al. (38) both developed MLST schemes using housekeeping genes to subtype L. monocytogenes. They found that MLST provided satisfactory discriminatory power and reliable population structure, but they did not evaluate the epidemiological concordance of MLST using outbreak-related isolates. Revazishvili et al. (45) used four housekeeping genes and two virulence genes in an MLST scheme for subtyping of L. monocytogenes. MLST did not show good correlation with serotypes of L. monocytogenes and failed to cluster isolates within the same lineages (45) . Attempts at using MLST for epidemiological typing of other pathogens have not demonstrated that it provides good epidemiological relevance. For example, Lemee et al. (35) used housekeeping genes in an MLST scheme to subtype clinical isolates of Clostridium difficile and found that MLST sometimes failed to cluster isolates from the same clinical lineages and also failed to separate isolates from different clinical lineages. Sails et al. (47) developed an MLST scheme using housekeeping genes for subtyping outbreak isolates of Campylobacter jejuni and found that MLST failed to separate some epidemiologically unrelated isolates and cluster some epidemiologically related isolates. In summary, while MLST using housekeeping genes is useful for studying population genetics, it has not been proven to provide high epidemiological relevance for investigating L. monocytogenes outbreaks. To validate this, MLST could be directly compared with MVLST using the same set of isolates analyzed in the present study.
Fragment-based subtyping methods like PFGE have greatly aided the epidemiological investigation of food-borne pathogens including L. monocytogenes. While PFGE is highly discriminatory, it does not always accurately identify the existing epidemic clones of L. monocytogenes. For example, isolates within the same epidemic clone or outbreak of L. monocytogenes did not always have an identical pulsotype. The AscI-and ApaI-PFGE patterns of some isolates from the Canada outbreak and the Switzerland outbreak differed by two to three bands, although these two outbreaks belonged to the same epidemic clone (5) . In contrast, the AscI-PFGE patterns of isolates from the outbreaks in California and North Carolina differed by only one band (5), but they did not belong to the same epidemic clone (Table 1 and Fig. 1 ). The AscI-and ApaI-PFGE patterns of some ECII isolates from the U.S. outbreaks in 1998 to 1999 and 2002 also differed by one to two bands (8) . Some other studies also showed that isolates of L. monocytogenes that have identical PFGE patterns were found to be epidemiologically unrelated (28, 36, 42) . Therefore, as suggested previously by Struelens et al. (52) and Foxman et al. (17) , it is sometimes difficult to correlate PFGE band differences to the genetic relatedness of different isolates. AscI-PFGE and ApaI-PFGE provided different levels of epidemiological relevance when isolates within individual outbreaks were subtyped. For example, in the Switzerland outbreak and the U.S. outbreaks in 1998 to 1999 and 2002, isolates within individual outbreaks had different ApaI-PFGE patterns (5, 8, 23) , which can lead to an incorrect separation of epidemiologically related isolates from the outbreak and thus confound the epidemiology of these outbreaks (8, 32) . In contrast, AscI-PFGE accurately clustered isolates within individual outbreaks and accurately separated isolates between the two outbreaks and thus was useful for short-term epidemiology in this case. Therefore, in the case of ECII outbreaks, combining MVLST (identification of the epidemic) with AscI-PFGE (separation of outbreaks within the epidemic) clarified both the long-term and short-term epidemiologies of these listeriosis outbreaks (8) . Unlike PFGE, isolates within the same epidemic clone always had the same ribotypes (Table 1) . However, this can be explained by the insufficient discriminatory power of ribotyping due to high conservation in 16S and 23S RNA genes (51) . For example, an isolate from the ice cream outbreak in Pennsylvania had the same ribotype (DUP-1038B) as ECI outbreak isolates, but this isolate did not belong to ECI as indicated by MVLST (Fig. 1) and various other subtyping methods (30) . In another study, Nightingale et al. (41) also reported that L. monocytogenes isolates with the same ribotype could be found in multiple clonal groups. Therefore, an identical ribotype does not always indicate an epidemic clone. PFGE and ribotyping both target variations within and between restriction sites that are unlikely to affect the ability of isolates to cause outbreaks. This may explain why fragment-based subtyping methods, such as PFGE and ribotyping, sometimes cannot provide high epidemiological relevance.
A basic premise of molecular subtyping is that isolates that are part of the same chain of transmission are descendants of the source strain and can be referred to as a clone (8) . During the spread of the source strain or even during the isolation, passage, and storage of isolates in laboratories, isolates within the same epidemic clone may obtain minor genetic variations and thus demonstrate different subtypes (53) . A good subtyping scheme should still be able to demonstrate the close relatedness of the isolates within the same epidemic clone (8) . The current six-gene MVLST scheme provided subtyping data that agreed with data from other fragment-based subtyping methods and also provided very high discriminatory power (D ϭ 0.99) and epidemiological concordance (E ϭ 1.0). Virulence genes are probably excellent markers for investigating the molecular epidemiology of L. monocytogenes because they are critical for causing epidemics and outbreaks of listeriosis. Unlike fragment-based subtyping methods, MVLST does not need to be combined with other subtyping methods to provide accurate information on epidemic clones, serotypes, and lineages of L. monocytogenes. Furthermore, MVLST is highly stable and reproducible, and the sequence data are unambiguous and electronically portable (1) . In the future, this sequence-based approach might be enhanced by including other virulence genes and/or other genes responsible for causing epidemics, such as genes that play a role in virulence gene regulation and those that help this pathogen to be transmitted to humans (8, 46) . For example, genes involved in biofilm formation, competition with other organisms, resistance to cleaning and sanitizing chemicals, and growth of L. monocytogenes in RTE foods at refrigeration temperatures would be expected to enhance the ability of this pathogen to be transmitted to humans and cause disease (54) . Therefore, combining virulence genes with these additional "transmission" genes might result in a multi-epidemic-locus sequence typing strategy. However, it should always be kept in mind that molecular epidemiology and conventional epidemiology must complement and support one another in order to ensure accurate epidemiology (20) .
